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The electrochemical behaviors of carbon fiber (CF) affect not only its mechanical properties in the
aggressive environment but also the long-term durability of metals in contact. This study for the first
time investigated the different electrochemical behaviors of the two-dimensional cross-section and
cylindrical surfaces of a CF. Two specially designed carbon fiber electrodes (CFE) were used to understand
the carbon fiber electrochemical performance in a 3.5 wt% NaCl solution. The results show that the CF is
two-dimensional anisotropic in electrochemistry, and the cross-section is two orders of magnitude more
active than the cylindrical surface. The strong polarization caused damage to the carbon fiber, particu-
larly on the exposed cross-section.
© 2019 Elsevier Ltd. All rights reserved.1. Introduction
CF possesses high specific strength and modulus, good electrical
conductivity and excellent resistance to corrosion [1e4]. There are
mainly three types of CF based on precursors, polyacrylonitrile
(PAN)-based, rayon-based, and pitch-based, among which PAN CFs
dominate the current CFmarket [1,5].When combinedwith various
resin matrices, the formed CF composites offer unprecedented
strength, modulus and weight advantages facilitating their use in
different fields, such as sports [5], aerospace [6,7], automobile, etc.
[8,9].
Nonetheless, bare CFs have poor adhesion to the matrices such
as epoxy and nylon, because the carbonization of CFs at a high
temperature could eliminate the polar elements in the original
precursor materials [10], resulting in an inert surface. To improve
the interaction between CFs and their matrices, functional groups
have to be added to the surfaces of bare CFs via differentls Corrosion and Protection,
g Rd, Xiamen, Fujian, 361005,
guangling.song@hotmail.comapproaches, such as chemical oxidation [11e15], electrochemical
oxidation [16e20], and plasma treatment [21,22], in which, the
electrochemical technique is the most effective and economic one.
Various electrolytes have been used in the electrochemical oxida-
tion, including ammonium salt [16,17,20,23], nitric acid [19], and
potassium nitrate [24]. After the electrochemical treatment, the
concentrations of oxygen and nitrogen functional groups on the CF
surface markedly increase [18e20], and the chemical bonding be-
tween the CF and the matrices be effectively enhanced [10,18,23].
Also, the CF surface roughness can increase due to the etching effect
of the oxidation treatment [10], which is favorable in increasing the
adhesion strength physically. The surface treated CFs are then sized
with a thin resin layer to improve the handleability before they are
embedded into the matrix resin to make a composite.
Although many studies have been carried out on the electro-
chemical oxidation of CFs [4,10,17,25,26], most of the researchers
focus their interests on improving the adhesion of CF with matrices
[16,19,26,27]. Few papers have expressly investigated the electro-
chemical activity of the CFs, and the possible surface damage
resulting from strong electrochemical reactions.
In this paper, the electrochemical behavior of a single CF was
investigated with a focus on its electrochemical anisotropy.
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2.1. Material and solution
The CF bundles used in this study were the as-received PAN-
based CFs (Panex 35 continuous tow, 50k) from the Toray In-
dustries, Inc. (Tokyo, Japan). They were cleaned with copious
deionized water and then with ethanol in a beaker under ultra-
sonication for 0.5 h, and then dried in an oven at 110 C. The test
solution used in this study was 3.5 wt% NaCl (equivalent to 0.6mol/
L NaCl, the NaCl concentration in seawater), which has beenwidely
used to represent a typical corrosive environment in nature. It was
selected in this study considering future applications of the CF in
practice.2.2. Specially designed single carbon fiber electrodes (CFEs)
Two single CFs selected from the cleaned CF bundles were
packaged in two glass capillary tubes in two different ways, named
as O-CFE and U-CFE, as shown in Fig. 1(a) and (b), respectively. It
should be noted that both the O-CFE and U-CFE were made of a
single carbon fiber (not a bundle of carbon fibers). In the O-CFE
electrode, a straight single carbon fiber was inserted into a glass
capillary tube, leaving the cross-section surface of the single carbon
fiber exposed at the end of the capillary tube (i.e., the exposed
cross-section surface of the single carbon fiber at the capillary tube
end, looked like letter “O”, would act as the working area of the
electrode). In the U-CFE electrode, a single carbon fiber was bent
into a shape of letter “U” and then inserted into a glass capillary
tube, leaving the cylindrical surface of the bottom section of the “U”
shaped single carbon fiber exposed out of the end of the capillaryFig. 1. Schematic illustration of the specially designed single CFEs. (a) O-CFE for cross-sect
actual CFEs: (c) the exposed cross-section of an O-CFE, (d) the exposed cylindrical surface o
carbon fiber in the O-CFE.tube (i.e., the exposed cylindrical surface of the “U” shaped single
carbon fiber out of the capillary tube end would act as the working
area of the electrode). A Ni wire was connected to each of the CFEs
through silver conducting paste in the capillary tube. After the
paste was cured, both ends of the tube were sealed with epoxy
resin to prevent possible ingress of water and other unknown
substances into the tube. These two specially designed single CFEs
guaranteed that the cross-section (see Fig. 1(c)) and the cylindrical
surface (see Fig. 1(d)) of the CFEs would be exposed to the solution
for measurements. The working surface areas of the O-CFE and U-
CEF electrodes could be calculated from the diameter and the
exposed longitudinal length of the CF.2.3. Electrochemical measurements
Electrochemical measurements were carried out in a conven-
tional three-electrode electrolytic cell, in which the working elec-
trode (WE) was the CF, Ag/AgCl was the reference electrode (RE),
and Pt foil was the counter electrode (CE), by using an electro-
chemical work station AUTOLAB (PGSTAT204).
The open circuit potential (OCP) was monitored in the test so-
lution for each electrode before polarization. Potentiodynamic
polarization was then conducted from 3 V to þ3 V (vs. OCP) at a
scan rate of 1 mV/s. A 2 h potentiostatic polarization was also
performed at þ3 V (vs. OCP) and 3 V (vs. OCP), respectively. Cyclic
voltammetry was recorded at a scan rate of 10 mV/s between 3 V
and þ3 V (vs. OCP). In electrochemical impedance spectra (EIS)
measurements, an AC potential amplitude of 10 mV was applied at
the OCPs of the single CFEs in the frequency range from 105 Hz to
102 Hz, and 10 logarithmically spaced frequency points were
collected per decade.ion and (b) U-CFE for cylindrical surface measurements, and the optical images of the
f a U-CFE and (e) the enlarged area containing the exposed cross-section surface of the
Fig. 3. Typical potentiodynamic polarization curves of the two CFEs in 3.5 wt% NaCl
solution.
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For an improved observation of the polarization effect on the
possible damage of the CF, a CF bundle instead of a single filament
was sealed in the glass capillary tube with epoxy resin as described
above for preparation of the O-CFE and U-CFE, respectively. CFs
were immersed in the test solution at the OCPs or different po-
tentials for 2 h. After cleaning in water and drying, the surface
morphologies of the CFEs were observed by a scanning electron
microscope (SEM, TM3000 Hitachi, SU-70 Hitachi) at an acceler-
ating voltage of 5 kV. The surface morphologies were further
examined under an atomic force microscope (AFM, Dimension Icon
Bruker) within a selected area of 3 mm 3 mm.
3. Results
3.1. Electrochemical behavior
Fig. 2 shows the variation of the OCPs of the CFEs with time. The
O-CFE reaches a relatively stable value at around0.07 V right after
its immersion in the 3.5 wt% NaCl solution, while the U-CFE be-
comes stable at aroundþ0.20 V in 0.5 h. The O-CFE has a stable OCP
about 250 mV more negative than the U-CFE.
The potentiodynamic polarization curves of the two CFEs are
shown in Fig. 3. The OCP of the U-CFE is about 250 mV more pos-
itive than that of the O-CFE. The current densities of the O-CFE are
always larger than those of the U-CFE in the whole potential range
from 3 V to þ3 V (vs. OCP), and the differences in polarization
current densities between the U-CFE and O-CFE under the anodic
polarization are larger than those under the cathodic condition. In
addition, on the polarization curves of the O-CFE and U-CFE, there
are two transition points where current densities increase sud-
denly. They are þ1.8 V and 1.9 V vs. Ag/AgCl for the O-CFE
andþ1.7 V and2 V vs. Ag/AgCl for the U-CFE. Moreover, platforms
can be observed on the anodic polarization curves where the cur-
rent densities are nearly constant with increasing potential in the
range from þ1.3 V to þ1.8 V vs. Ag/AgCl for the O-CFE and in the
range from þ1.5 V to þ1.7 V vs. Ag/AgCl for the U-CFE.
Cyclic voltammetric curves of the U-CFE and O-CFE are shown in
Fig. 4. There are two peaks at þ0.8 V and 0.9 V vs. Ag/AgCl for the
O-CFE, and at þ0.9 V and 0.8 V vs. Ag/AgCl for the U-CFE, which
may correspond to two different redox reactions on the electrodes.
The oxidation and reduction peaks on the O-CFE are much higherFig. 2. Typical OCPs of the two CFEs immersed in 3.5 wt% NaCl.than those on the U-CFE; this could suggest that the O-CFE was
much more electrochemically active than the U-CFE in the study.
The typical EIS results for the O-CFE and U-CFE at their OCPs are
presented in Fig. 5. The EIS of the O-CFE is a semicircle on the
Nyquist plot, while that of the U-CFE has a huge uncompleted loop,
similar to a perfect organic coating before damage. The impedance
of the O-CFE is much smaller than that of the U-CFE.3.2. Surface morphology
Themorphologies of the exposed cross-sectional and cylindrical
surfaces of the CFs before and after the 2 h potentiostatic polari-
zation treatments at different voltages are shown in Figs. 6 and 7.
The original cross-section and cylindrical surface morphologies of
the CFs can be seen in Figs. 6(a) and 7(a), respectively. In Fig. 6(a),
the exposed round CFs (as pointed by the yellow arrows) have a
diameter around 7 mm. There are tiny gaps between some of the CFs
and the surrounding epoxy resin (as pointed by red arrows, see
Fig. 6(a)). The cylindrical surfaces of the CFs appear to be covered by
a thin polymer layer with a texture oriented in the longitudinal
direction (see Fig. 7(a)). The SEM images of the cross-section and
the cylindrical surface morphologies of the CFs after 2 h immersion
at the OCPs are shown in Figs. 6(b) and 7(b), respectively. There are
almost no changes on the morphologies of the CFs after immersion.
After being polarized at þ3 V for 2 h, obvious damages can be seen
on both the cross-section and cylindrical surfaces (see Figs. 6(c) and
7(c)). The cross-sectional surfaces have been dissolved seriously,
and some of the CFs have even disappeared from the monitored
area (see Fig. 6(c)). “Groove” like damage areas can be observed on
the cylindrical surfaces of the CFs (Fig. 7(c)), some of which are very
deep. The exposed interiors of the CFs in the dissolved areas ap-
pears to be still linearly textured in the longitudinal direction, while
the texture lines in the undamaged areas becomes insignificant.
The damage is relatively mild under cathodic polarization. The O-
CFE degradation is manifest predominantly as interfacial damage
and CF erosion as indicated by the red arrows in Fig. 6(d). The
cathodically polarized cylindrical surfaces become smoother, and
the texture lines along the longitudinal axis are blurred (see
Fig. 7(d)).
To avoid the possible decomposition of the substances formed
on the CFs after the immersion and polarization treatments under
high vacuum when being exposed to the SEM electron beam,
Fig. 4. Typical cyclic voltammograms of the two CFEs in 3.5 wt% NaCl: (a) O-CFE and (b) U-CFE.
Fig. 5. Typical electrochemical impedance spectra of (a) the O-CFE and (b) U-CFE in the test solution.
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the surfaces of the original and polarized CFs were further exam-
ined using an AFM, as shown in Fig. 8. The original texture lines on
the surface can also be clearly seen (Fig. 8(a)). The round surface is
flattened after anodic polarization (see Fig. 8(b)), confirming the
dissolution of CF (see Fig. 7(c)). It is interesting that after surface
dissolution, the exposed interior area of the CF treated under the
anodic polarization condition still more or less keeps the linear
texture (see Fig. 8(b)). These texture lines are probably inherited
from the precursor PAN chains before carbonization. The AFM ex-
amination of the cathodically polarized CF surface (Fig. 8(c)) also
further verifies that the original surface texture lines can become
less evident after cathodic polarization (Fig. 7(d)).4. Discussion
Carbon fiber is a fiber that contains over 90% carbon in a crystal
structure similar to graphite, in which carbon atoms along the fiber
longitudinal direction are connected by covalent bonds while the
van der Waals force holds the bonded carbon atom layers (basal
planes) together in the radial direction [28]. Particularly when the
CF is made from a polymer, the long chain structure of the pre-
cursor can be inherited in the CF after carbonization to a great
degree. This results in a structure where the chemically inert
graphitic basal planes are aligned in the fiber direction, leading to ahigher mechanical strength and lower electric resistance in the CF
longitudinal direction than in its cross-section. Therefore, it is a
straightforward inference that a CF with strong mechanical and
physical anisotropies may also be electrochemically anisotropic, as
the Femi energy level and the charge carrier density can differ in
the longitudinal and radial directions of a CF due to the different
lattice parameters on different surfaces.
The above postulation was experimentally verified in this study
by the OCP, dynamic and potentiostatic polarizations, cyclic vol-
tammetry and EIS measurements. All the results shown in Fig. 2~5
have indicated that the cross-sectional surface of a CF is electro-
chemically much more active than the cylindrical surface.
The OCP of the O-CFE reaches a constant voltage more quickly
(see Fig. 2) than that of the U-CFE; this can be simply interpreted as
the active cross-sectional surface has faster electrochemical re-
actions and thus can reach its steady state more quickly than the
passive cylindrical surface. The OCP is more positive on the cylin-
drical surface (U-CFE) than on the exposed cross-section (O-CFE)
(see Fig. 2), and that is because the alignment of the graphitic basal
planes in the fiber direction and the CF surface treatment/passiv-
ation has more effectively inhibited the anodic processes than the
cathodic reactions on the cylindrical surface (U-CFE).
In fact, pure carbon in theory is an electrochemically inert ma-
terial, not participating in electrochemical reactions under aweakly
polarized condition but providing a surface for the reactions to take
Fig. 6. SEM images of the cross-sections of CFs. (a) original cross-section surface, (b) cross-section surface after 2 h immersion at OCP, (c) anodically polarized cross-section surface
at þ3 V vs. Ag/AgCl for 2 h, (d) cathodically polarized cross-section surface at 3 V vs. Ag/AgCl for 2 h.
Fig. 7. SEM images of the cylindrical surfaces of CFs. (a) original cylindrical surface, (b) cylindrical surface after 2 h immersion at OCP, (c) anodically polarized cylindrical surface
at þ3 V vs. Ag/AgCl for 2 h, (d) cathodically polarized cylindrical surface at 3 V vs. Ag/AgCl for 2 h.
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tains some impurities, such as H and some oxides of Si, K, Na, Fe,
Mg, Ca from the precursor or the raw materials, as well as the
manufacturing process, which may be dissolved/participate in re-
actions under certain strong anodic polarization conditions and its
electrochemical activity may vary with potential [28]. In carbonfibers, the graphite basal planes are aligned in the fiber direction.
The functional groups (impurities) are largely located at the basal
plane edges. Therefore, the cross-section appears to be more active
than the cylindrical surface, as the functional group content can be
higher on the cross-section. In addition, the intercalation of mole-
cules into the space between basal planes can also take place,
Fig. 8. AFM images of the cylindrical surface of a CF before and after 2 h of anodic and cathodic potentiostatic polarization at ±3 V vs. Ag/AgCl: (a) original surface, (b) anodically
polarized surface, (c) cathodically polarized surface.
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The polarization curve measurements (see Fig. 3) show that, at
around the OCPs, the decrease of the anodic polarization current
densities from the cross-sectional surface to the cylindrical surface
are more significant than the decrease of the cathodic polarization
current densities.
On the measured polarization curves (see Fig. 3), from 0.3 V
to þ0.5 V vs. Ag/AgCl, the weakly polarized CF does not participate
in an electrochemical process, but provides a surface for the elec-
trochemical reactions. In this case, the main electrochemical reac-
tion on a CF surface should be an oxygen redox process. Hence, the
polarization curves have typical anodic and cathodic Tafel slope
regions. On the cylindrical surface (U-CFE), due to the alignment of
the graphitic basal planes and the presence of the passive surface
layer, the anodic and cathodic polarization current densities are
much smaller than those on the cross-section surface (O-CFE).
When the potential is more negative than 0.3 V vs. Ag/AgCl or
more positive than þ0.5 V vs. Ag/AgCl (see Fig. 3), the electro-
chemical processes should be mainly oxygen reduction and oxygen
evolution, probably together with limited impurity dissolutions.
The cross-section surface (O-CFE) is obviously more active for the
oxygen redox reactions and the impurity dissolutions than the
cylindrical surface (U-CFE).
On the cross-section surface (O-CFE), the increasing cathodic
and anodic current densities reach their plateaus at around 0.8 V
and þ1.3 V vs. Ag/AgCl, respectively (see Fig. 3). It could be simply
interpreted as that the cathodic reactions are limited by oxygen
diffusion and the CF impurities have been significantly consumed
or passivated, thus their respective contributions to the cathodic
and anodic current densities become insignificant. On the cylin-
drical surface (U-CFE), the presence of the low activity basal planes
and the passive surface layer can inhibit the oxygen reduction and
evolution, probably as well as impurity dissolution. However, the
surface layer might be damaged by cathodic polarization. Thus, the
cathodic polarization current density at a potential more negative
than 0.3 V vs, Ag/AgCl increases to a level close to that of the
exposed cross-section (O-CFE). In the anodic polarization region,
the anodic current density of the U-CFE continues increasing with
potential and does not exhibit a significant plateau at around 1.3 V
vs. Ag/AgCl. This can be because the impurity influence is limited
under the anodic condition.
Under strong anodic polarization, an interesting observation of
the polarization curves is the dramatic increase in current density
at aroundþ1.2 V ~ þ1.5 V vs. Ag/AgCl followed by a current plateau
and the other rapid current increase at around þ1.8 V ~ þ2.0 V vs.
Ag/AgCl on both the cylindrical and cross-sectional surfaces (see
Fig. 3). These sudden current increases have been observed on
carbon fiber reinforced polymer composites (CFRP) in a previous
study, inwhich theyweremarked as transition points caused by the
breakdown of the matrices [29]. It is postulated here that the firstanodic current rapid increase at around 1.2 V ~ þ1.5 V vs. Ag/AgCl
may correspond to oxygen evolution, which could further oxidize
the CF surface, forming a new surface passive layer in the effective
area, resulting in a current plateau at a higher current density. The
second anodic current increase at around 1.8 V ~ þ2.0 V vs. Ag/AgCl
can be postulated to be associatedwith the breakdown of the newly
formed passive layer, and consequently the CF can significantly
dissolve. Both the anodic oxidation and anodic dissolution of the CF
to some extent can destroy the cross-section and cylindrical
surfaces.
Strong cathodic polarization can also lead to a current density
increase at around 1.8 V vs. Ag/AgCl (see Fig. 3), which had also
been detected and marked as transition points on the cathodic
polarization curves of the CF in the previous study, attributed to
cathodic hydrogen evolution [29]. The strong hydrogen evolution
from the effective area of the cylindrical surface can cause
debonding of the CF from the mounting epoxy resin (Fig. 6(d)), and
an increase in exposed area of the cross-section surface (O-CFE).
Hence, the cathodic current density on the cross-section surface (O-
CFE) increases more rapidly than that on the cylindrical surface (U-
CFE).
For the O-CFE, from the OCP toþ1.2 V vs. Ag/AgCl (see Fig. 3), the
polarization current densities of the O-CFE are about 3 orders of
magnitude higher than those of the U-CFE, and their logarithmic
polarization curves are almost parallel in this potential range. This
means that the same anodic reactions occurred on these two
different surfaces, but the total effective surface area for the re-
actions on the cylindrical surface is 3 orders of magnitude smaller
than the cross-sectional surface. It is interesting that the difference
in the anodic polarization curves of the O-CFE and U-CFE reduces to
2 orders of magnitude in the potential range from þ1.2 V to þ1.8 V
vs. Ag/AgCl, and further down to less than 1 order of magnitude
when the polarization potential is higher than þ1.8 V vs. Ag/AgCl.
These suggest that the total effective area for electrochemical re-
actions on the cylindrical surface increases with anodic polarization
potential after þ1.8 V vs. Ag/AgCl. In the cathodic direction, from
the OCP of the O-CFE to 1.8 V vs. Ag/AgCl, the cathodic current
density difference between the exposed cross-sectional surface (O-
CFE) and the cylindrical surface (U-CFE) decreases from 2 orders of
magnitude to about 0.2. After that, it increases again up to 1 order
of magnitude at -3 V vs. Ag/AgCl. The difference between the
cathodic polarization curves of the U-CFE and O-CFE does not
significantly decreases with potential, implying that strong
cathodic polarization cannot damage the passive surface layer/
basal plane as seriously as anodic polarization. This is partially
confirmed by the surface morphology observations (see Figs. 6 and
7), in which cathodic polarization cannot even evidently alter the
linear texture on the cylindrical surface whereas anodic polariza-
tion can.
The electrochemical processes proposed above can be further
Fig. 9. Schematic illustration of the different surfaces of a CF and their corresponding
equivalent circuits: (a) O-CFE (b) U-CFE.
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peaks at around þ0.8 V and 0.9 V vs. Ag/AgCl on the cylindrical
surface (O-CFE) shown in Fig. 4(a) could be transient processes
corresponding to the current density increases atþ0.5 V and0.3 V
vs. Ag/AgCl on the polarization curve of the O-CFE (see Fig. 3),
resulting from oxygen evolution (4OH / O2 þ 2H2O þ 4e) and
reduction (O2þ 2H2Oþ 4e/ 4OH) [30]. Themuch larger anodic
and cathodic peaks at potentials more positive thanþ2 V and more
negative than 1.8 V vs. Ag/AgCl (see Fig. 4(a)) should correspond
to the dramatic current density increases at þ1.8 V and 1.8 V vs.
Ag/AgCl on the polarization curve of the O-CFE (see Fig. 3), caused
by strong anodic dissolution of CF and cathodic hydrogen evolution
(2H2O þ 2e / H2 þ 2OH), respectively. Other small peaks in
Fig. 4(a) represent more complicated electrochemical steps
involved in the anodic and cathodic processes. The passive layer/
basal plane on the cylindrical surface (U-CFE) may not be destroyed
severely during a rapid voltammetrical scan as in potentiodynamic
polarization. Hence, the above transient peaks are relatively low on
the cylindrical surface (see Fig. 4(b)).
Based on the above analyses, a physical model for the electro-
chemical behavior of a CF is proposed here. The passive layer on the
cylindrical surface is thin, containing some tiny defects, which are
more electrochemically active than the other cylindrical surface
areas, but less active than the cross-section surface. The CF consists
of numerous organic molecular chains aligned in the longitudinal
direction along the CF. Therefore, the cross-section and the cylin-
drical surface can be schematically illustrated in Fig. 9. Corre-
spondingly, two different equivalent circuits as shown in Fig. 9(a)
and (b) respectively can be employed to fit the measured electro-
chemical impedance spectra. The simple single-time constant
equivalent circuit (see Fig. 9(a)) is proposed to simulate the elec-
trochemical EIS behavior of the O-CFE, in which R and Q representTable 1
Estimated equivalent circuit elements of the O-CFE and U-CFE.
O-CFE, R (U.cm2) O-CFE, C (F/cm2) U-CFE, R1 (U.cm2)
3.6 103 1.9 104 1.4 108the resistance and the distributed capacitance of the exposed cross-
sectional area and Rs is the solution resistance between the refer-
ence electrode and the exposed cross-sectional surface. Because of
the presence of a discontinuous passive layer on the cylindrical
surface of the U-CFE, a typical circuit normally used to represent a
damaged coating (see Fig. 9(b)) is employed to simulate the EIS
behavior of the U-CFE. In this two-time-constant equivalent circuit,
R1 is the resistance of the active defects in the passive layer,Q1 is the
capacitance of the passive layer containing these defects, R2 is the
resistance of the carbon substrate, Q2 is the capacitance of the
interface between the CF and the solution. With this model, the EIS
results can be simulated and explained.
The estimated equivalent circuit elements are listed in Table 1, in
which Q can be converted to C through the Brug approach [31]. The
results show that the resistance R of the O-CFE is one order of
magnitude smaller than R2 of the U-CFE while the capacitance C of
the O-CFE is one order of magnitude larger than C2 of the U-CFE,
indicating that O-CFE is much more electrochemically active than
U-CFE. It should be noted that the capacitance C of O-CFE is around
20 mF/cm2 (Table 1), which is a typical value of a double layer
capacitance of a bare metal exposed to an aqueous solution
[32e34], indicating the double layer formed between the bare CF
surface and the solution is similar to that of a baremetal in solution.
The differences of about one order of magnitude in capacitance and
resistance of the CF on the cross-section and cylindrical surfaces
imply that only about 10% of the apparent cylindrical surface is
exposed to the solution through the defects in the passive layer. R1
and C1 (Table 1) of the passive layer have values of a nearly
damaged coating system [35,36], suggesting that the passive layer
on the cylindrical surface might be a porous film.
CF is generally believed to be a very stable material that can
survive in various service environments. It has been recommended
for some extreme applications [37e41]. However, the finding that
strong polarization can cause serious damage on CF from this study
may invert such an opinion. Hence, it will be important to decrease
the electrochemical activity of CF with improved surface treat-
ments and reduced surface defect numbers.
On the contrary, due to its high electrochemical activity and
sensitive electrochemical response, the cross-section of a CF (O-
CFE) can be developed into a micro electrochemical sensor or
probe, which will have a high-resolution but with low cost and
hence find many potential applications in practice. For example, if
the CF bundles can be carefully placed in desired positions in CFRP,
the CFRPmay become a smart location sensor in some applications.
Another implication of the finding is that the cut edge of a CFRP
sheet will be more active than the sheet surface. This is because the
highly active cross-section surfaces of CF bundles are exposed on
the cut edge, not on the sheet surface. Thus, the edge has a higher
driving force to trigger the galvanic corrosion of the coupled metals
[42]. How to prevent such an edge effect should be focused in the
practical applications.5. Conclusions
(1) Two kinds of carbon fiber electrode were designed to
investigate the electrochemical behavior on the cross-
sectional (noted as OFE) and cylindrical surface (noted as
UFE) of a carbon fiber, respectively.U-CFE, R2 (U.cm2) U-CFE, C1 (F/cm2) U-CFE, C2 (F/cm2)
3.5 104 2.1 107 6.1 105
C. Zhang et al. / Electrochimica Acta 326 (2019) 1350058(2) A carbon fiber is electrochemically anisotropic on different 2-
dimensional surfaces. The exposed cross-sectional surface is
much more active than the fiber cylindrical surface.
(3) Strong polarization damaged the carbon fiber on both the
exposed cross-sectional and cylindrical surfaces. Anodic po-
larization was much more detrimental than cathodic
polarization.
(4) A physical model for the carbon fiber electrochemical
behavior was proposed. The electrochemical behavior of the
cylindrical surface is like a damaged coating system. The
cross-section performs just like carbon.
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